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THE THERMODYNAMICS OF THE LIQUID SOLUTIORS IN THE TRIAD Cu-Ag-Au:
I. THE Cu-Ag SYSTEM.?!

by
Russell K. Edwards and James H. Downing

(L) (a) Presented at the 126th Meeting of the American Chemical Society,
New York, September, 1954, (b) Besed on part of a thesis by J. H.
Dovrdng, submitted to the Illinoic Imstitute of Technology im partial
fulfillment of the requirements for the Ph.D. degree, May, 195k,

(¢) This work was supported by the U. S. Office of Naval Research,
U, 8. Navy, through Contract NT-onr-329, Task Order II, and Contract
NONR 1406, Task Order II.

The thermodynamics of the liguid Cu-Ag system have been investi-
gated as part of a general study in the Cu-Ag-Au triad to consider the
energetic relationships and chemical bonding among these elements. The
study was conducted by the method of determination of the pg.rtia.l pressures
over the liquid solutions a8 & fuwuction of cumpusition and temperature.
Partial pressures were measured by the molecular effusion technique and
were related to the vapor pressures of the pure liquids similarly measured,
and activities were calculated. The related thermodynamic properties for
the mean tempereture 1426°K. are reported, based on the temperature and
composition dependencies of the activity data. The actlivities of both
components demonstrate marked positive deviation from ldeal solution
behavior in the system, as might have been expected in view of the fact
that a wide miscibility gap exists in the solid state for this system.
Large positive values for partial and integral enthalpies of mixing were

found. The partial and integral excess entroples of mixing are posltive.
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Introduction

The investigation in the liquid Cu-Ag system was chosen to
institute s general thermodynamic study in the tried, Cu-Ag-Au, to
conslder the energetic relationships and chemical bonding among ﬁheae
clements. The atomic radius for Cu is about 12 per cent less than that
of Ag, and the atomic radius for the latter is practically identical to
that of Au. On the other hand, the cchesive enexrgy of Cu is about 17
per cent greater than that of Ag whereas the value for Au is about 27
per cent greater than that of Az. An investigation of the binary permu-
tations emong the three elements offers an opportunity of observing the
effecta of the major variables~-cohesive energy and atomle radius--
vhile other variables, in perticular valence, can reasonably be expected
to remailn relatively constant.

™e sgtudy was conducted by the method o
partial pressures over the liguid soclutions as a function of composition
and temperature. Partial pressures were measured by the molecular
effuriocn technique and vwere related to the vapor pressures of the pure
liquids similerly measured, to obtein self-consistent data from which
activities were then calculated. It was imperative that activities be
determined only from self-consistent data cbtained by relative measure-

ments under identical conditions since reported® absolute vapor pressure

it e At SO A— —— —  —— — ——— S—

data by various different lnvestigators have varied by as much as 100

per cent. .
The themodynamic properties for the liquid solutions were

calculated from the temperature and composition dependencies of the
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“~small effusion orifice, (d) a thermoecouple, enclosed in a silica glass
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setivity data. Inasmuch as the vapor pressure of Cu in the temperature

range etudied (1300 to 1700°K.) is approximetely a factor of ten lower w
than that of Ag, Cu was a minor but not negligible constituent in most

of the effusates. Consequently the activities of Ag were subjlect to

more accurate direct determination than were the activities of Cu, ard

the best vamlues of the activities of Cu were taken from Gibbs-Duhem

integration of the Ag activity data, However, in sddition directly

obtained Cu activity data were evaluated in order to check the validity

of the Gibbs«Duhem integration.

Experimental
Apparatus:--The vacuum apparatus used for the effusion measurements is

shown in Fig. 1., The easentisl features of the apparatus are (a) an
evacuated porcelain tube section heated by, (b) a furnace, shown

scheuatically, having Glo-bar elements, (c) & graphite crucible with a

protection tube, for measuring the temperature in the region of the
crucible, and (e) a water-cooled cold finger which served to collect
samples of the Cu-Ag gas mixture which effused from the crucible as a
molecular beam. The cruci’.ble wes detachable through a polished sliding

fit from the graphite support rod shown in the figure. The support rod

itself was capable of being moved as desired while under vacuum by means '
of an external electromagnetic coil acting on sn iron sectlon affixed

to the end of the rod. Vacwm pumping from both ends of the apparatus

was used to insure a high speed system. The mercury diffusion pumps

uged were isolated from the system by liguid nitrogen traps and so

operated as to prohiblt exposure of the ayatem to any mercury vspor.
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Vacuum pressures were measured by means of a Piranl gauge mounted just
outalde the main vacuum chamber along one of the 20 mm. tublng sections
and also by meens of an ionization gauge similarly mounted along the
other 20 mm. tubing section. Dynamlec vacuum pressures of less than

10~%m. were maintained during the vapor pressure measurements.

Furnace Temperature Control.-~The furnace temperature was controlled by
means of a Micromax autumatic potentiometer with recorder and controller,
operating on the signal from a Pt, Pt-Rh(10%) thermocouple located in
the vieinity of the furnace heater elements. In general this arrangement
could hold the temperature of the heater element enviromment to a + 59,
and the temperature of the effusion crucible to a mich better tolerance.
However, to compensste for the tendency of the temperature to drift
within the above tolerance due to thermal lags in the system, & manual

resetting of the Micromax controller was performed from time to time.

Rate of Effusion.--The rate of effusion was determined from measurement

of the time of effusion and weight loss of the crucible plus contents.
Wedight losses were determined by use of an Ainsworth semi-micro balance.
The sensitivity and zero point were determined at the time of each
weighing. Careful, systematic procedures were adopted to eliminate
errors due to adsorption of gases or moigture by the cell while outside
the vaquum line. The cell was never touched except with a rubber test
tube holder or & dry cloth. One hour was allowed after removal of the
crucible from the vacuum line so that It would attain a steady state
relationship with the welghing enviromment, both with respect to gas
adscrption and to temperature. Check measurements showed that the welght

uptake during this period was of the order of a few hundredths of a

TR T
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mnilligram and contributed no significent error to the results since
the same systemablc procedure was always followed. Errors due to
buoymncy factors were less than one per cent. Blank effusion runs
with the empty crucibles showed that the crucibles themsslves suffered

no measurable welght loss under the noymal experimental conditions.

Effuu:l:on Crucibles.--Three different effusion crucibles; with signifi-
cantly different effusion orifice slzes, vere used; thus erucibles could
be used which had orifices appropriate, in terms of true effusion condi-
tione, to the various pressure ranges, Calibrstion of the effective
effusion orifice areas by measurement of the rate of vaporlization of

mercury from these crucibles has been discussed elsewhere.®

As wag anticipated at the outset of this study, some diffusion
of the metals through the graphite crucible walls was encountered. It
had been expected that. the diffusion mechanism would be that of capillary
flow through the graphite pores. Since such a mechanism is equivalent
to effusive flow out of an orifice, it was supposed that the extraneous
welght loss contribution would be accountable through the "effective™
orifice area obtained by the calibration procedure. In any case, error
in the effective orifice area would cancel out in the calculation of
activities. FEdwards and Downing® found that silver does diffuse through
graphite by the capillary flow mechanism, but that copper diffuses through
hy activated diffusion. Even 80, sctivities are relative and therefore
8t11]1 calcuisble; however, thls swrprising circumstance complicates the

caleulation of gas phase compoaltions as 1s noied helow.
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Compogltion of the (as Phase.--Samles of the effusates vere collected

on the cold finger, the face of which was located three incheg from the
crucible effusion orifice. The stainless steel surface was highly
polished to facilitate removal of condensate samples. Samples could
either be brushed off or scraped off with a steel knife. Care was taken
to avold marring the polished surface. The cold finger was afterward
clesned with fine steel wonl and washed with carbon tetrachloride.
Micro-analytical techniques were required for chemlcal analysis
of the effusate materials because of the very small amcunts, ranging from
two to ten milligrems. In the effusates copper was always the minor
constituent; therefore analysis for copper was requisite but silver
could be obtained by difference. Spectrographic analyses showed that
no other components were present in the effusates to any significant
amount. The concentration of the colored cuprie armonis complex can be
spectrophotametrically determined. in the presence of silver without inter-
ference. The wave length of the absorption pesk for this ccomplex is 620
millimicrons; however, the height of the peak is s funetion of the

srmonia concentration.® In order to avoid difficulties arising from

(4) ¥. Snell and C. Snell, "Colorimetric Methods of Analysis," Third
Edition, D. Van Nostrand, Inc., New York (1949).

the present investigation since at this wave length the abgorption is

independent of the ammonia concentration. Zeer's law has been reported"
to hold under these conditions, a fact that wes amply verified in the

present work.

TR



Had all the welght loss been vy the effusive and capillary flow
mechanisme, 1t would have been simple to obtain the weight loss of each
specles from kmowledge of the total welpht loss and the composition of
the collected effuaate sample on the cold finger. Since, however, ex-
traneous loss of copper took place by activated diffusion, it was necessary
to apply a correctlon t6 the compositlion nominally obteined from the analyeis
of the collected material. Therefore we experimentally measured the
collection probabilitles for both orifice loss and for the extraneous
loss by the diffusion process=a. The letter measurement was carried out
by using one of the erucibles with a cap having no orifice. From this
information, and that available from the stndy of the rates of the dif-
fusion p:z'oceanziesﬁ’3 the correction could be made. The correction produced
only a small alteration of the calculated partial pressures of silver but
conslderably altered the caleulated partial pressures of copper, as would
be expectsd since the latter was the minor constituent in the effusates.
As anticipated, the size of the correction required was significantly
larger for the crucible of the smallest orifice.

Agreement of partisl pressures obtalned using the crucibles of
three different orifice sizes, shown in Fig. 2, attests to the validity
of the correction treatment. There the data points on the curve repre-
senting the partial pressure of silver in equilibrium with a liquid
solution of composition 49 atom per cent silver belong about equally to
the three different crucibles with different orifice slzes. A aimilar
plot (not shown) for the partial pressure of copper over this solution

was equally consistent.
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Composition of the ILiguid Thase.--Homogeneous two-phase Cu-Ag alloys were

prepered by melting under vacwim the asppropriate mixtures in o long
graphite tube of about 1/1& inch diameter. The preparations were stirred
and then quenched by rapid cooling so that segregation of phases could be
avolded. The solid rod cbtained was then machined until free from any
adhering graphite particles. The reductive actlon of the graphite was
expected tn remove any oxide contamination.,

Portlons of the rois used were esnalyzed iodimetrically for
copper before introduction into the effusion crucibles; residuwes in the
crucibles after a series of runs on & liquld of a given compositlon were
again analysed for copper to ascertain the change in composition that
took place during the effusion runs. 7The change was always less than

one atom per cent, and the mean valiuc was used.

Emptying end Cleaning the Crueibles.--An auxilliary apparatus consisting
of a graphlte holder with a long graphite handle permitted shaking out
the liquid metal solutions from the inverted crucibles (with caps removed)
while in an argon atmosphere. Tﬁereafter the crucible was baked out at
high temperature under vacuum untlil it came to constant weight. This
procedure was cexrlied out whenever a change in the liguid composition

was made.,

Freedom from Frrors Due to Impurities.--HEigh purity silver and copper of

better than 99.98% and 99.99% respectively, vere used. However, in such
n study as this 1t is more important to establish that no lmpuritles of
high volatility contribute to effusion loss. In the present work effusates
from first runs on the pure materlials were anaiyzed by seml-quantitative

spectrographic examination. Iess then 0.1 per cent lmpurity was round in

kit L
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the effusates for either of the two materials and thus the maximium error

due to impurities was established.

Sequence of Determinations.--Some revaporization of the material which

had condensed along the cooler portiou of the porcelaln tube was
inevitable, and the following sequence of operation was adopted in order
t0 minimize error in effusate compositions arising from condensations of
same of this revaporized materisl. Before a series of runs with a new
alloy composition was begun, the apparatus was held under vacuum at a
temperature appreciably higher than that at which any of the subsequent
experimental runs were to be carried out. In this way condensates would
be moved down along the porcelain wells to a cooler region. When the
seriees of runs with the new alloy were begun, the highest temperature run
wag made {irst: and so on toward decreasing temperstures. Thus the con-
densing zone would gradually advence toward the center of the furnace and

revaporization of the condensate would likely be of negligible importanéeo

Temperature Measurement and Calibration.--Two Pt, Pt-Rh(10%) thermocouples,
made from the same original wires, were used in this work. One, which

we shall call the "proximate” thermocouple, is shown in Fig. 1. It served
as the working thermocouple. The cold junction of this thermocouple was
external to the vacuum and was held at the ice point in an ice~water-sir

mixture, externmal +to the vacuum, under which it was joined to copper lead

wires. These were connected 1o & Brown Electronik recording potentiometer,
in series with a Rubicon portable precision potentiometer. The latter was
uged to buck out excess millivoltage. A continuous temperature record for

any run was thus obtalned. At periodic intervals the recorded millivoltage

on 5he Brown instrument was checked by a direct readlng on the Rubicon
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potentiometer. The other thermocouple we shall term the lahorabory
"reference” thermocouple. It was calibrated at the melting points of
Nationsl Burcau of Standards' tin and zinc and also at the melting
point of the high purity silver used here in the vapor pressure work.
Its millivoltage-temperature curve was found to be in gocd accord in
this tempersture interval with Natlional Bureau of Standards tabulations
fox high quallity thermoccuples of thilas kind.

Calibration of the proximate thermocouple in terms of the
actual temperature existing within the graphite effusion crucible was
accomplished a8 follows. A replica was made of the graphite effusion
crucibles used, except that the hole normally in the bese for the
support rod was bored completely through to the interior of the effusion
charber. The reference thermocouple, with its junction in the center of

the effusion chamber and ita poweelain trre hole IJI""GEEC

9

served to support the crucible. In this calibration work and in all
effusion runs, the crucible position at the center of the uniform temper-
ature zZone of the furnece was carefully reproduced by referring to index
merkers slong the apparatus. Comparison under normal vacuum conditions
showed the two thermocouples to agree precisely over the complete temper-
ature range when under steady state tempersture conditions. This call-
bration procedure vas periodicslly repeated thioughout the entire study
in onder to appushend any posaibie delerioration or the proximate working
thermocouple; this could readlly have occurred if any cracks developed in
the sllica glass protection tube; permitting alloying with the effusate
naterial. No detericration was found; the proximate thermoecouple remained
completely equlvalent to the laboratory reference thermocouple throughout

the work.
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Since the fundamental temperature scale in the range pertinent
to these vapor pressure measurements is based on the radiatlon laws; an
additional callbration of the proximate thermocouple in terms of a Leeds
and Northrup optical pyrometer was performed to ascertain whetlier the
thermocouple millivoltage-temperature relationship remained compatible
with the National Bureau of Standards® tabulated values at these higher
temperatures. A long thin-walled porcelain support tube was fitted into
the base of the replica crucible so that it served also a8 a sighting
tube, giving a view of the "black body" interior of the effusion chamber.
An optical window was affixed in the sppropriate position and the com-
parison between the optical pyrometer aind the proximste thermocouple was
made from the silver melting point temperature or up, under normal vacuum
conditions. The silver point having been previously established, the
optical pyrometer conatant, O, eonkairvins the window absovrption corrections,

was obtained for the relationship
1, = /T + C

vhere Ty refers to the true temperature and Ty refers to the observed
optical pyrometer temperature, both on the absolute scale. Thereafter
the equatlon was used to obtaln the true temperature in the higher tenper-
ature range from the observed pyrometer temperature. The correlation
between the two scales was good to within the reproducibility of the
optlical pyrometer readings. Theae deviations were random, with an average
deviation of + 3°.

e optical pyrometer used wes itself calibrated against s similar
optical pyrometer vhich had beca calibrated by the National Bureau of

Standards .
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Effective Aversge Temperature of a Run.--The procedure used in starting a

run was to first bring the furnace temperature to a value about 50° higher
than deesired and to permit time for final degassing. Just before the
crucible was repldly introduced into the hot zone by use of the external
eglectromagnet, the furnace power was reduced 4o mest the anticipated new
lower temperature produced by the heat loss to the crucible. Rapild with-
drawal of the crucible a'b- the end of a run was also simply accomplished.
The usual method? of cbtaining the effeetive average temperature was
employed; this corrects for finite heating up and cooling off time as
well as for temperature fluctuations during & run. In only a few of the
shortest runs was this temperature significantly different from ocur

arithmetically averaged temperature.

Results and Mscussion

Silver partisl pregsure curves for the several liquid solutions
investigated are shown in Pig. 2. A similar family of curves was obtained
for copper partial pressures. Activities with reference to the pure
somponents were derived from three different temperatures, and the curves
for the mean temperature ot 1428°K. are shown in Fig. 3. The data for the
gilver activities are shown, with carefully estimated maximm uncertainties
indiceted. These data were then treated by the Gibbs-Duhem integreclon to
obtain the curve shown for copper activities. The directly evaluated
copper activities, as we have pointed out, are subject to conslderably
greater uncertainties than are the silver activities, and the best values
are without doubt those obtained through the Gibbs~-Duhem Iintegration. The
agreement of the values directly obtalned with the latter is substantial,

and the deviatlions therefrom are random.

g2 o e
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The thermodynamic quantities listed in Table 1 have been derived
through the appropriste temperature dependencies of the smoothed activity
curves. The partial molar entropies of mixing for copper-silver Liguid
solutions are caryiared with ideal solution values in Fig. 4. The partial
molar enthalpies of mixipg arc dlspleyed in Fig. 5. Shown aiso in that

figure is one point for copper obtained by Edwards, Downing and Cubioeiottis

in a somewhat limited study by the galvaniec cell methoed. The integral
molar thermodynemic gquantities for the mixing process are shown in Fig. 6.
Shown there also are the enthalpies of mixing obtained calorimetrically by

Kawakami,” whose results are apprecisbly lower than ours.

N VAR —— ———  i— —— ———  ———— —— —— S— —— ——" i ———— ——— S— S—— o

(7) M. Kawakami, Seil. Rep., Tohoku Imp. Univ., 19, 521 (1930).

An error anelysis of our work leads to probable errors of + 600
cal. per mole in the enthalpy data, + O.45 cal, mol.=* deg.~? in the
entropy data, and 40 cal. per mole in the free energy data. With regard
to the discrepancy between the enthalpy data and that of Kawakaml, it is
of note that he obtained” essentislly zerc emthelpy of mixing in the

copper-gold liquid system whereas both Edwarda and Brodsky,® and Oriani,®

—— —— r—— ————— —— W——— —— Si—t  St—m— S ———ta  S_Ta—  —————  Gp—rr)  —t  re—— A——— ittt ittt gt

e, — — — ———— T Tt —— Tr——— sl ey ot vy T R ottt et a—————nt  P—caman  f——

by the vapor pressure method and the galvanic cell method, respectively,
have obtalned large negative values.
The marked positive deviatlon from ideality of the liguid Cu-Ag

golutions is well in accord wilth the fact that the Cu-Ag system shows a
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miscibility gap in the solid state. Morcover, the extent of the positive
deviation decreases with tempexature, as would also be expected, When
the results of the related studies in the Cu-Au and Ag-Au liquld systems
are available for comparison, we will discuss the fundamental significance

of this study more thoroughly.
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